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ABSTRACT
A single cylinder naturally aspirated diesel engine was used for conducting tests in
order to study the effects of both oil consumption and exhaust aqueous injection on diesel
engine particulate rate and gaseous emissions. The first objective studied the relationship
between oil consumption and particulate rate. Particulate samples were taken on 90 mm
Pallflex TX60 Teflon coated filters using a BG- 1 Micro-Dilution Test Stand. Immediately
following, ring pack oil consumption was measured using a sulfur dioxide tracer technique
[30]. The engine had a high sulfur 30W oil in the engine and a low sulfur 30W oil in a
separated valve train lubrication system running on an extremely low sulfur fuel. The oil
control ring tension was used as a variable with a minimum of four iterations completed at
multiple speeds and loads. Unfortunately, no relationship was able to be made between the
oil consumption and particulate rate due to erroneous data in the particulate sample
composition analysis. The trends did show that the particulate rate increased with
increasing load and significantly decreased with increasing speed at the same load initially,
but then slightly increased again as speed continued to increase.
The second objective studied the comparison of particulate rate results from a BG- 1
Micro-Dilution Tunnel and dilution tunnel constructed earlier in the lab [1]. The laboratory
system used 47 mm Pallflex Teflon coated filters. A 10OW-30 oil was used throughout the
entire engine with a standard low sulfur diesel fuel. A minimum of four iterations were
simultaneously carried out for each system at two of the same separate conditions. Each of
the satisfactory filter samples from all tests, including those from the first objective
underwent a methylene chloride extraction for determining the soluble organic fraction
(SOF) and a simulated distribution for finding the percent contributed by the lubrication oil.
The laboratory system was verified to be accurate and dependable based on the maximum
16.4% difference between results.
The third and fourth objectives studied the particulate rate entering the water and the
gaseous emissions before and after exhaust aqueous injection. Water was injected into a
specially constructed flange and pipe configuration at a ratio of molecular weight of water
to exhaust equal to 10:1. The water was drained after a mixture time of five seconds with
samples taken at each speed and load. The analysis shows that approximately 10.5 percent
of the soluble organics enter the water stream. Additionally, and average of 8 percent of
nitrogen dioxide reacted with the water forming nitrates. The gaseous emissions show that
no significant amount of nitric oxide is absorbed into the water stream.
Thesis Supervisor: Victor W. Wong
Title: Lecturer, Department of Mechanical Engineering
Thesis Reader: Alan J. Brown
Title: Professor of Naval Construction and Engineering
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NOMENCLATURE
Definition
A/F
a
b
[CO2]dil
[CO2]raw
Dilute Flow
fmix
mex
ma
ms
mH20
mf
mi
mtp
mts
MWa
MWex
MWH20
P
Qf
A
number of moles of carbon per fuel molecule
number of moles of hydrogen per fuel molecule
carbon dioxide concentration in the dilute exhaust
carbon dioxide concentration in the raw exhaust
total dilution air into sample
mixing factor
total exhaust mass flowrate
intake air mass flowrate
sample mass flowrate
total exhaust mass flowrate
final filter mass
initial filter mass
total particulate mass
total sample mass
air molecular weight (28.962)
exhaust molecular weight
water molecular weight
power
fuel flowrate
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Symbol Units
none
mol
mol
L
none
g/s
g/s
g/s
g/s
g
g
g
g
g/mol
g/mol
g/mol
kW
cc/min
rD
Ra
Rm
t
Tdilute
Total Flow
TPR
Tref
U
Vt
x
XNO
I
ra
rex
rf
rref
rs
s
dilution ratio
actual removal rate of NO
maximum (saturated) removal rate of NO
sample time
final filter temperature
total sample volume for each test
Total Particulate Rate
reference temperature for ambient air
average velocity of blowwby gas over oil puddle
total sample volume
saturated mole fraction of NO in water
saturated mass flowrate of nitric oxide
relative air to fuel ratio
dynamic viscosity
air density
exhaust density
fuel density
ambient air density
sample density
surface tension
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none
ppm
ppm
s
Kelvin
L
g/bhp-hr
298.15K
m/s
L
none
mol/min
none
N-s/im2
kg/m3
kg/m3
kg/L
kg/m3
kg/m3
N/m
INTRODUCTIONAND BACKGROUND
1.1 Introduction
The internal combustion engine may be considered by some to be the
best invention of all time. It has taken the world from the horse drawn carriage
to automobiles, trains, ships and even planes. However, everything in life has
its advantages and disadvantages. Internal combustion engines produce many
types of emissions that enter into the atmosphere which are not only believed
by many to cause global warming, but have a significant effect on the heath of
humans and their environment. Not every engine is alike and each engine
produces different concentrations and types of emissions. They may come in
many sizes and shapes with bore diameters ranging from one centimeter up to
one meter. They may also differ between spark ignition and compression
ignition engines. The spark ignition engines usually run on gasoline while
compression ignition engines generally run on diesel fuel (also known as the
deisel engine). Since diesel engines ignite through compression, the cylinder
liner may obtain much higher temperatures and pressures. The resultant
product is a mixture of water, gaseous emissions, soot particles, some
unburned fuel, and some unburned oil that finds its way into the cylinder. The
goal of this thesis is to characterize these emissions and their measurement
systems.
1.2 Research Objectives
The primary objective is to relate diesel engine oil consumption to
particulate rate by obtaining simultaneous measurements with varying oil
control ring tensions. The second objective is to compare particulate rates
obtained from a mini-dilution tunnel in the laboratory constructed earlier [1] to
that of a commercially packaged system {BG-1TM Micro-Dilution Test Stand
system (Sierra Instruments, Inc.)} [27]. In addition, water was injected into the
15
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exhaust stream and then drained to simulate a current shipboard application on
board three U.S. Coast Guard Patrol boats. The third objective is thus to
determine the effects of water-injection in the exhaust tail-pipe on particulate
rate, and to determine the particulate rate entering the water. Finally, the
gaseous emissions were also measured before and after aqueous injection
with the MIT gas analyzer cart containing conventional rack-mounted test
equipment and a portable commercial unit with potential field application
(ENERAC 2000ETM - a portable gaseous emissions measuring device from
Energy Efficiency Systems, Inc.)a. These results will be compared between the
two instruments in addition to before and after injection.
1.3 Diesel Engine Particulates
Diesel particulates are defined as whatever particulate matter (except
water) that are collected on prescribed sampling filters following EPA regulatory
protocols. They, "consist of combustion generated carbonaceous material
(soot) on which some organic compounds have become absorbed [20]," as well
as liquid organic matter, including unburned fuel or lubricant. The individual
particles principally exist as spherules of carbon with a small amount of
hydrogen above temperatures of 500 C with diameters between 15 and 30
nanometers [20]. These individual particles particles agglomerate and form
larger yet still sub-micron "particulates". "As the temperatures decrease below
500 °C, the particles become coated with adsorbed and condensed high
molecular weight organic compounds which include: unburned hydrocarbons,
oxygenated hydrocarbons (ketones, esters, ethers, organic acids)," [20] and
polycyclic aromatic hydrocarbons (PAH) [5]. Some of the ingredients of diesel
exhaust particulates are considered potential health hazard.
To reduce the potential health hazards to the public, the world has
already taken huge steps to reduce the total particulate rate emitting from diesel
a The use of trademarks does not constitute the endorsements of any of these products
by either myself, the U.S. Coast Guard or MIT.
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engines. The United States has some of the toughest standards with the state
of California leading the way. The EPA started particulate emission standards
for heavy duty diesel engines in 1985 for all 1988 and later model years
engines allowing for a maximum of 0.8 g/kW-hr (0.6 g/bhp-hr) [10]. The current
particulate standards since 1994 are 0.13 g/kW-hr (0.10 g/bhp-hr) [10]. Urban
buses made after 1996, however, will only be allowed .065 g/kW-hr (.05 g/bhp-
hr) [4]. The current standards and those that are due to be set in the future have
challenged all areas of research: engine and component manufacturers as well
as fuel and oil companies.
Piston ring design plays an important role in engine oil consumption [8].
Lubricants are also responsible for the particulate rate contributing as much as
55 % of the extractables in some cases [3, 7, 13]. Both Zelenka et. al. [21] and
Essig et. al [6] believe in the need for reduced oil consumption design,
especially on the cylinder wall and that oil consumption is directly related to
particulate rate. According to Mayer and Lechman, "it can be shown that a
given amount of engine oil supplies from 50 to 280 times (depending on the test
conditions) as much material to the particulate emissions as does an equal
amount of fuel" [3].
With use of the BG-1 Micro-Dilution Tunnel Test Stand and the real time
oil consumption measuring system using a sulfur dioxide tracer technique, this
study attempts to relate the exact amount of diesel engine oil consumption to
the particulate rate. The oil consumption measuring system was developed by
Cummins Engine Company and operated by my fellow student (D. Schofield)
while particulate samples were being taken [30].
1.4 Aqueous Injection
Far less research has been completed on the reduction of emissions
from marine applications. Laurence [1] completed gaseous emissions research
on an aqueous injection system to measure gaseous emissions before and
after injection. The results inconclusive, so more tests were taken to verify the
17
results. The use of aqueous injection did, however, show a large visible
reduction in the tail-pipe particulate emissions from a diesel engine as
observed by Laurence [1]. The purpose of continuation in this area was to
develop the overall reduction of airborne airborn particulate rate and the effects
of the mixing process on the water collecting the particulate matter.
18
Chapter 2 EXPERIMENTAL APPARATUS
2.1 Engine
The experimental engine used for this study was a single cylinder
Ricardo/Cussons Standard Hydra research diesel engine connected to a
Dynamatic Model 20 AC dynamometer with a digilog controller. The details of
the engine are given in Table 2-1.
Table 2-1 Engine Characteristics
Despite the high speeds capable of the engine, the maximum
dynamometer speed was approximately 3400 rpm, thus, testing was limited to
3300 rpm for safe measure. The manufacturer also suggests that the engine
should not be operated beyond a 5 Bosch smoke level. For the current
naturally aspirated configuration, this smoke level was reached at about 8kW.
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MANUFACTURER: G. CUSSONS LTD.
MODEL: HYDRA RESEARCH ENGINE
NUMBER OF CYLINDERS: 1
DISPLACEMENT 0.45 L
BORE: 80.26 MM
STROKE: 88.90 MM
MAXIMUM SPEED: 4500 RPM
MAXIMUM CYLINDER 120 BAR
COMPRESSION RATIO: 19.8:1
INJECTION: DIRECT
ASPIRATED: NATURAL
The definition of a research engine refers to all of the accessories being
completely separate components and running independently of the engine.
That is, there are no drive belts or chains to run an oil or water pump. Both of
these fluids are pumped and optionally heated electrically. This allows greater
flexibility in reaching operating parameters and ease of flushing. In addition,
the fueling is normally manually controlled by a servo motor which acts as the
rack actuator. A sensitive dial at the control panel controls the servo motor via
an electric feedback mechanism. Next to the dial is another device which
electrically controls the injection timing. The settings are input manually by the
operator and usually follow the recommendations of the manufacturer [22].
However, in some of the tests, this was altered as explained in Section 3.3.
Once a speed set point was dialed on the control panel, the dynamometer
would automatically adjust the load for any changes in fuel flow to maintain that
speed.
The piston ring pack has a three ring configuration; a top compression
ring, a second compression/scraper ring and an oil control ring, which controls
the amount of oil reaching the cylinder liner for lubrication. The unit tension on
the oil control ring was the variable used for these experiments since a
significant change in oil consumption was desired for comparing particulate
rates with oil consumption at the same speeds and loads.
The engine is fully instrumented with temperature gauges and controls.
The oil, coolant and exhaust temperatures were monitored regularly at different
locations to maintain the consistency and accuracy of each test. The load is
measured by a load cell that can give outputs up to 500 N-m or ft-lb.'s of torque
mounted on the test bed 0.381 m from the center of the drive shaft axis of the
dynamometer. Engine speed is measured by a magnetic pick-up mounted at
0.020 inch intervals form a sixty tooth gear on the drive shaft. The air intake
during this experiment was naturally aspirated and also has the option of being
electrically heated. A compressed air hook-up is available in the lab cell
allowing for simulated turbocharging of the engine with the electrical heater, but
this option was not used during the experiments.
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The engine exhaust first travels through a two inch diameter three foot
long mild steel pipe to a collection tank. A sample line is taken right from the
engine about two inches from the beginning of this pipe to a furnace that is used
as part of the system for measuring oil consumption. The tank absorbs the
pulses of the single cylinder before the exhaust exits to another two inch pipe
that leads to the trench in the lab cell. The trench is ventilated with large
exhaust fans creating a vacuum and drawing the exhaust air through. This pipe
has two extensions: one branch leads to the laboratory dilution tunnel, and the
other leads to a tee connection. One side of the tee enters the BG-1 Micro-
Dilution Test Stand (Sierra Instruments, Inc.) and the other enters the aqueous
injection phase, with each side having a gate valve to control the direction of
flow. The engine exhaust configuration in shown in Figure 2-1.
2.2.1 BG-1 Micro-Dilution Test Stand
Two sampling systems were used during the experiments. The majority
of the particulate samples were taken using the BG-1 Micro-Dilution Tunnel
Test Stand. This system, as shown in Figure 2-1, connects to the exhaust
system via a tee connection that reduces to a one inch NPT female fitting. A
stainless steel probe for the system is attached here and extends five inches
into the exhaust pipe. The probe is meant to be mounted vertically, but due to
the many other attachments already connected to the system and the small
diameter of the exhaust piping, this was impossible unless it was connected
directly to the collection tank. This was not feasible, however, because the
pulsation's of the cylinder would have greatly affected the results. The probe
itself is ten inches long and connects to a flowbox via a 90° bend with a NPT to
swagelock conversion fitting. The exhaust line was heated with heating tape
from the tee connection to the flowbox to maintain constant and high enough
temperatures throughout testing. Inside the flowbox is the dilution tunnel which
is completely enclosed in a stainless steel housing with the exception of an
opening to control a valve that regulates shop air used for cooling. After the
21
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I
flow box, a stainless steel filter housing connects with a quick disconnect fitting.
The filter housing may hold up to two 90 mm filters. This prevents loss of any
particulates if one filter was to break. The filters used in the experiments were
Pallflex Teflon coated 90 mm TX60A20 fiber filters (serial number T4257C) and
only one was used per test. The other end of the filter housing is connected to a
flexible stainless steel hose that also connects with a quick disconnect fitting. At
this end of the flexible hose, an E type thermocouple is used to measure the
filter temperature. The location of the thermocouple is approximately five inches
downstream of the filter. Finally, the other end of the flexible tubing connects to
the main unit of the BG-1 in the same manner.
The main unit of the BG-1 is a computer controlled system that allows the
user to regulate the total sample flow, dilute sample flow, dilution ratio, the
sample duration or the pressure differential across the filter. The system is self-
calibrating and was calibrated daily before testing. Shop air enters the unit
passing through three filters before dividing its way to either the pneumatically
controlled valves throughout the system or the chiller unit. The chiller unit is
used to chill the dilution air to maintain the manufacturers recommended
temperature range of 20 °C plus or minus five degrees centigrade. The
purpose for cooling the dilution air was to keep the filter temperature below the
52 °C standard set by EPA while taking a sample [20, 23, 27]. It was proven that
the dilution air only maintained these temperatures if the flowbox cooling valve
was continuously left open. Otherwise, the dilution air stagnating in the line
before testing would heat up to over 30 °C. A fan cooled radiator cools the
exhaust in the main unit before passing through the pump and out of the bottom
of the unit. A rubber hose was attached to the unit to lead the exhaust into the
trench.
2.2.2 Laboratory Dilution-Tunnel Sampling System
The second sampling system was constructed by Laurence in 1993-1994
[1]. When used, the system was connected to the exhaust line as shown in
23
Figure 2-2, otherwise, the transfer tube was detached from the venturi and
capped. This system will be summarized here, but for a more detailed
description, refer to the MIT thesis The Effect of Lubrication System and Marine
Specific Factors on Diesel Enqine Emissions by Ronald B. Laurence, May 6,
1994. This system is a scaled down version of a Constant Volume Sample
dilution tunnel similar to the one described by Wong et. al. [12]. Compressed
air enters through a two inch line from large shop compressors that maintain
between 80 and 100 psi. The air passes through a regulator in the lab cell that
was maintained at 6 psi and then through a filter with a 93% removal
effectiveness of oil and water. The air finally passes through a venturi creating
suction before entering the two inch dilution tunnel. The exhaust sample is
drawn into the venturi via a 3/4 inch flexible transfer tube that branches from the
main exhaust pipe.
The dilution air mixes with the raw exhaust for about three feet of tunnel
length before a sample is taken. The sample is drawn through (using a vacuum
pump set at 3 mm Hg vacuum) a 3/8" stainless steel line with a high
temperature stainless steel ball valve for controlling the sample duration. The
sample passes through a 47 mm Pallflex Teflon coated fiber filter mounted in a
Graseby Anderson 316 stainless steel filter holder and then a wet test meter for
measuring sample volume. The sample finishes its path through the vacuum
pump and into the trench.
The dilution ratio is determined by measuring the concentration of carbon
dioxide in the exhaust lines before and after dilution. The details of the
sampling lines are explained in Section 2.4. The system was set-up with K type
thermocouples to measure the temperatures before and after the filter holder,
before and after dilution and the entering dilution air. With the exception of a
high temperature fiber insulation around the transfer tube, the entire system was
not insulated, allowing for much heat loss.
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25
L
2.3 Aqueous Injection System
The aqueous injection configuration was constructed by Laurence in
1993-94 [1]. The system represents a scaled down version of a current
shipboard application aboard three 82 foot U.S. Coast Guard WPB Patrol Boats
[9]. The system at MIT was developed in response to an on site testing program
of the gaseous emissions emitting from the ships during operation. A portable
emissions testing unit called the ENERAC 2000E, has been used by the U.S.
Coast Guard Research and Development Center in Groton, CT, under the
supervision of Dr. Alan Bentz, to measure the gaseous emissions exiting the
turbochargers from the patrol boat engines [9]. This initial testing in connection
with the results obtained by Laurence, were used to verify the validity of results
obtained from such portable emission devices. The aqueous injection system
on board the ships were constructed to determine whether or not they would
decrease the gaseous emissions considerably, especially, the NOx (nitric oxide
and nitrogen dioxide combined also known as oxides of nitrogen) emissions
from a diesel engine with hopes to meet tougher EPA standards in the future.
All of the patrol boats had two new Caterpillar D3412 diesel engines
each with a maximum of 750-800 HP. An attached pump takes raw sea water
through heat exchangers to cool the engine oil and water coolant. After cooling
the fluids, the raw water is piped to the very aft (back) transverse bulkhead
(wall) of the engineroom and injected into the exhaust just before exiting into
the atmosphere.
The following description of the aqueous injection system at MIT was
taken from Mr. Laurence's thesis. "The water is injected at a flange which has
been specially connected to a 1' long double walled portion of the exhaust pipe.
The double wall is created by an inner and outer pipe, each welded to a flange.
When the flanges are bolted together, the smaller, exhaust input, pipe fits inside
the larger, exhaust and water output, pipe. 1' beyond the flange the inner pipe,
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Figure 2-3 Aqueous Injection Apparatus
which has been machined ends in a lip which effectively makes the outer
diameter on the inner wall just barely (about 1/16 inches) smaller than the inner
diameter of the outer wall. The inlet water line is then connected to the outer
pipe. Water fills the chamber between the walls and is sprayed out into the
exhaust, at the lip, which is traveling through the inner pipe [1]." Figure 2-3
illustrates this configuration. The exhaust line in the lab is only two inches in
diameter vs. an eight inch diameter line on the patrol boats. The water is
injected outside the inner layer of the double layer pipe from 1/2 inch copper
tubing with an attached K type thermocouple and passing through a rotameter
to measure the flow rate. About three feet downstream from where the water
was injected, the mixture enters an upright mild steel separation tank heated
with an electrical heat tape. The water drops to the bottom of the tank and
drains into the trench from a 1/2 inch sample port that was also used to take
water samples. Concurrently, the exhaust rises to the top of the tank and exits
through a two inch exhaust line that leads to the trench. Figure 2-4 shows the
details of this explanation.
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2.4 Gaseous Emissions Sampling System
Four sample ports were assembled by Laurence from 3/8" stainless steel
tubing as shown in figures 2-3 and 2-4, to be used for measuring the gaseous
emissions from the exhaust [1]. The first, which was not used during these
testing procedures, extended directly from the exhaust collection tank. The
second and third were placed before and after aqueous injection respectively of
which the second was also used to measure the carbon dioxide from the raw
exhaust. The last line protruded from the dilution tunnel immediately before the
sample line to measure the carbon dioxide in the diluted sample. All four met in
a central location and were kept capped, but easily connected to a main sample
line that extends up towards the overhead of the lab cell and then out of a
porthole through the wall. Outside of the cell, the line ended with two ports for
taking readings. The MIT gas cart connected to the first fitting when in use,
otherwise, it remained plugged, while the ENERAC 2000E was inserted into the
second fitting.
The second, third and main sample lines were all heated with electrical
heat tapes that were wrapped around the tubing and controlled by variable
resistors. Insulating blankets were wrapped around the heating tapes to trap in
the heat. In addition, the main line was covered with one inch PVC tubing to act
as an extra insulator because of the far length the sample needed to travel. The
main purpose of these precautions were to keep the exhaust warm and non-
condensed. This was accomplished by keeping the entire length of the sample
line above 140 °C. The stack temperature (exhaust gas temperature) recorded
by the ENERAC 2000E using a K type thermocouple was always constant in the
range 286-291 C.
The majority of the emissions were taken using the ENERAC 2000E.
This system measures oxygen, carbon monoxide, nitric oxide, nitrogen dioxide,
and sulfur dioxide using electrochemical cells having a two year life span and
all having an accuracy of less than two percent. Combustibles are measured
29
with a catalytic sensor having an indefinite life span. For the combustibles to be
within its 0.01% accuracy range, the type of fuel being used was entered into
the fuel category with its heating value in BTU's. From these readings, carbon
dioxide, excess air, total oxides of nitrogen (the sum of nitric oxide and nitrogen
dioxide) and combustion efficiency are calculated by the instrument and
displayed instantaneously. The carbon dioxide measurement has an accuracy
of five percent and is based on the amount of oxygen measured. For this
reason, the MIT carbon dioxide analyzer was used for computing the dilution
ratio. The main unit itself is in the form of a briefcase that weighs approximately
forty pounds and contains and internal pump. A conditioning probe connects to
the main unit and was inserted into the end of the sample line less than a foot
downstream of the MIT analyzer. The probe extends ten inches into the line
and contains a micron filter at the opening to prevent any particulates from
entering the system. A conditioning unit attached to the probe, uses a desiccant
silica gel and permeable membrane to remove any moisture from the exhaust
before it enters the main unit.
The MIT gas cart contains the standard measuring equipment used in the
Sloan Automotive Laboratory by all of its members. This cart was only used for
selected studies at which times the measurements were taken simultaneously
with the ENERAC 2000E. The cart is approximately six feet wide, six feet high
and three feet deep. It is very cumbersome even with the attached wheels that
are used for transporting it around the lab It contains a vacuum pump that draws
the sample through a filter and ice water drier to condense the water out of the
sample. The cart has two Beckman Model 865's; one for measuring carbon
monoxide and the other carbon dioxide using an infrared radiation technique.
Both devices give analog readouts on one of three range scales that are
converted to a percent reading from a calibration plot. The most recent
calibration for the ranges was completed in 1991. The Beckman Model OM- 1
EA oxygen analyzer used a polarographic technique which directly measures
the oxygen partial pressure and gives digital read outs in percentages from zero
to 25%. Finally, a NO/NOx analyzer can measure either but not both gases. It
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measures the chemiluminescence from excited NO to measure the NOx
concentration. A discussion of the equipment in Chapter 5 describes some of
the problems encountered during testing.
2.5 Oil Consumption Measuring System
This system actually measures the sulfur dioxide in the exhaust and from
the known sulfur contents of the fuel, oil and air, the oil consumption may be
calculated. The maximum scale measures up to 2.000 ppm sulfur dioxide on a
digital readout with an accuracy of one part per billion. Thus, to limit large
subtractions of sulfur dioxide while staying in the maximum range, the diesel
fuel used was an extra low sulfur fuel containing 0.1 ppm sulfur. The oil used in
the main sump was high sulfur (1.27% sulfur by weight) and the oil used for
lubricating the valve train components was a low sulfur experimental oil from
SHELL (.279% sulfur by weight). For a complete description of the apparatus,
see Diesel Enqine Instantaneous Oil Consumption Measurements using the
Sulfur Dioxide Tracer Technique, by Doug Schofield, May, 1995 [30].
The sample taken from the main exhaust line passed through a
Lindbergh furnace heated to a temperature of 1000 °C. Inside the furnace, all
remaining unoxidized sulfur was combusted to form sulfur dioxide in a glass
combustion tube filled with quartz crystals. Upon exiting the furnace, the
exhaust passed through a 60 micron filter that was replaced once and
sometimes even twice daily. Then the sample entered a five feet section of 575
°F heated line which was then gradually cooled even further in a seventeen foot
section of 325 °F heated flexible tubing. The sample then passed through an
ozonator, chiller unit and main control board before entering the sulfur dioxide
measuring device. The main control unit gave a readout of the systems by-pass
flow which was kept constant at 1.5 psi. The raw exhaust line leading into the
trench was always left closed while the gate valve controlling the flow to
aqueous injection system was kept partially closed and altered for each test
condition to maintain the same back pressure (by-pass flow). The main switch
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panel attached to the control unit regulated pneumatically controlled solenoid
valves that controlled which span gases were passed through the unit for
zeroing or calibrating the sulfur dioxide analyzer. A plotter was electrically
attached to the analyzer and continuously plotted the sulfur dioxide readouts
whenever the system was operating. The results were then used by Schofield
to calculate the steady state oil consumption measurements [30].
In order to just measure the oil from the ring pack configuration, the valve
train lubrication system had to be separated from the rest of the engine. To
minimize any traces of sulfur being picked up from the valve train, a low sulfur
oil was used. The valve train oil system had its own sump tank, filter, positive
pressure gear pump, pressure relief valve set at 50 psi, pressure gauge,
thermocouple, heat exchanger for cooling if needed, and return lines. For a
more detailed description and drawing of the system see Schofield's thesis [30].
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Chapter 3 Experimentation
3.1 Test Preparations
Both sets of particulate filters (90 and 47 mm) were initially shipped to
The Environmental Research Institute (ERI), a laboratory division of the
University of Connecticut in Storrs, CT, where all of the analyses were
completed. Each filter was given a control number, dehumidified and weighed
on a scale in an air tight chamber with an accuracy on the order of one-tenth of
a milligram. Each filter remained in its original casing until it was inserted into
the filter housing for testing.
The brake mean effective pressure (bmep) in terms of torque was the
variable originally designated to be used for simulating a high or low load on
the engine rather than fuel flow. Before calculating bmep, the load cell attached
to the engine was calibrated in N-m and the power was then calibrated in kW.
The manufacturer's recommendations for load were based on an in house test
recording torque while completing a Bosch smoke test at the speeds of 1200,
2400 and 3600 rpm. Therefore, In order to determine a reasonable fuel flow
and load setting, a Bacharach Smoke test was completed in the lab at the
testing speeds of 1200, 2400 and 3300 rpm. The engine was kept at a constant
speed for each of the three smoke tests while the fuel flow was altered starting
from a simulated low load up to a high load. These results were converted to a
Bosch scale using conversion factors developed by Homan and compared to
the manufacturers results [24]. In analyzing the data, it was decided that 1.4
bars bmep would simulate a low load and 4.5 bars bmep would simulate a high
load for all three speeds. This translated to a torque of 5.0 N-m at low load and
16.1 N-m at high load. When the altered oil control ring was installed for test
group two, however, the loads became very erratic especially at low load. As a
result, the fuel flow was kept constant at each speed for both load settings
between the standard and altered oil control rings. The torque results obtained
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from the data acquisition program (Section 3.3), however, recorded the actual
torque's as being very close to those desired.
The tests were broken up into three groups with the operating conditions
A through L. Test group one consisted of operating conditions A through F.
Test group two contained operating conditions I through L and operating
conditions G and H were identified as test group three. The names were given
for the order in which the test groups were performed. The combined test matrix
for speed, fuel flow, torque, and minimum number of iterations are summarized
in Table 3-1.
Table 3-1 Test Matrix
During the Bacharach Smoke test procedures, all of the fuel and air
settings were recorded and were used to calculate the molecular weight of the
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OPERATING SPEED FUEL TORQUE # OF
CONDITION (RPM) FLOW (N-m) TESTS
(cc/min.)
A 1200 7.0 5.0 4
B 1200 15.3 16.1 4
C 2400 14.8 5.0 4
D 2400 28.5 16.1 4
E 3300 24.3 5.0 4
F 3300 46.1 16.1 4
G 2400 19.8 9.5 4
H 2400 25.8 14.4 4
I 1200 7.0 4.0 4
J 1200 15.3 16.0 4
K 3300 24.3 5.0 4
L 3300 46.1 16.1 4
exhaust for each speed over the range of loads. Then the results were
converted to hundred cubic inches per minute. which are the units on the
rotameter used for measuring the aqueous injection flow. It was noticed that
load played a minor role in the results, changing the flow a maximum of four-
hundreths on the rotameter scale, where the accuracy of the rotameter is on the
order of one tenth of a hundred cubic inches per minute. Therefore, the water
injection rate was assumed to depend only on speed due to the inability of the
rotameter to achieve such accuracy.
The final preparatory phase of the project consisted of breaking in the
lubrication oil and changing the diesel fuel prior to testing. The standard low
sulfur diesel fuel containing less than 0.05% sulfur by weight was replaced with
a low sulfur diesel fuel containing less than 0.1 part per million (0.00001% by
weight) sulfur and was used during the entire oil wearing in phase and testing.
The oil used during the first two stages of testing consisted of a 30W high sulfur
lubrication oil throughout the engine and ring pack configuration, while a 30W
low sulfur experimental oil was used in a separated valve train system. The
valve train components were originally left attached while the high sulfur oil was
flushed twice through the system. The first flush consisted of a ten minute flush
with a new filter and the high sulfur oil using the electric pump and heater. Then
a second flush was completed with another filter and a new batch of high sulfur
oil, but this time the engine was run for an hour to ensure that the oil reached all
parts of the engine. The oil filter was changed again and new high sulfur oil
was added. The engine was run for fifty hours with this same oil to break it in.
The engine was maintained at 3300 rpm with a high load for over seventy-five
percent of the time. It wasn't until after the oil was already broken in that the
sulfur dioxide measuring system was set up with the help of Cummins Engine
Company personnel. After successful completion of setup and multiple trial
runs by Schofield and Flaherty at 1200 and 3300 rpm, the valve train system
was separated and flushed with the low sulfur oil [30].
The last set of tests required the use of the standard low sulfur fuel
described above and a Shell 10W-30 oil used by Laurence so that a
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comparison could be made between his dilution tunnel and the BG-1 [1]. Thus,
the oil system was flushed again only once using the electric pump, changing
the filter before and after flushing. Then the engine was run for over 25 hours at
3300 rpm and a high load and another ten hours of varying speeds and loads
while Schofield completed some tests on oil consumption [30]. Then the
regular fuel was added back into the system and flushed through the fuel lines
as the engine ran for over three hours prior to testing. The run time of 25 hours
or more was considered sufficient as a recommendation from Cummins Engine
Company, who supplied the measurement system. This is slightly more than
the 20 hour minimum recommendation by Downing from Exxon in his 1992
SAE paper [7]. Table 3-2 lists the oil and ring configurations used throughout
the three testing procedures and Table 3-3 gives the sulfur content of each oil.
TEST OIL CONTROL LUBRICATION OIL DIESEL
GROUP RING TENSION MAIN SUMP VALVE TRAIN FUEL
I INITIAL HIGH SULFUR LOW SULFUR VERY LOW
2 ALTERED HIGH SULFUR LOW SULFUR VERY LOW
3 INITIAL REGULAR REGULAR LOW
Table 3-2 Oil and Ring Configuration
LUBRICANT MANUFACTURER /BRAND SULFUR
WEIGHT (%)
HIGH SULFUR (30W) CUMMINS ENGINE COMPANY 1.27
LOW SULFUR (30W) SHELL / EXPERIMENTAL OIL 0.279
1 OW-30 SHELL / ROTELLA T® 0.8
Table 3-3 Lubricant Properties
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3.2 Start-up Procedure
Prior to testing each day, the engine was started and warmed at 1200
rpm for approximately twenty minutes. All heat tapes were turned on and
allowed to stabilize. The BG-1 was kept on 24 hours a day during testing days
so that it would always be warmed up, but it was always calibrated daily. Most
of the oil consumption measuring system instruments were also kept on
continuously and were zeroed and calibrated by Schofield daily [30]. The
ENERAC 2000E was turned on and allowed to warm up for at least two minutes
and then mounted onto the end of the main sample line, where it would read the
lab cell air until a sample port was attached. The ENERAC was zeroed daily,
but only calibrated three times throughout the testing procedure: the first time
before test group one, the second time before the last day of testing for test
group one and the third time before test group three. The MIT gas analyzer cart
is always kept on and was calibrated daily when used. The water was injected
into the exhaust stream at the flange from the time the engine was started until it
was shut down. Then the engine was brought up to 3300 rpm and a high load
to flush out the lines for a minimum of ten minutes prior to any testing.
Each filter housing was clamped and tensioned with an adjustable
tensioner so that it was just possible to clamp and unclamp the housing without
having to change the tension. Then the tension was not changed for the
remainder of testing. One filter was used for each test and was attached via
quick disconnect fittings to the flowbox and exhaust line. After a ten minute
steadying period, the sample line was purged with dilute air at high pressure to
clear the line of any build up. The flow and pressure was regulated by the BG-1
and proceeded for 60 seconds. Immediately following, the valves would open
to allow dilute exhaust to pass through the filter housing. The BG-1 allowed the
user to input the total sample flow, dilute flow or dilution ratio (based on total
and dilute flow only), and duration of sample time or required pressure
differential needed before stopping. The total sample flow was maintained
constant at 100 SLPM and the dilution ratio was kept at 4 to 1 meaning that the
37 I
dilute air was 80 SLPM. The actual results would vary slightly by as much as 4
liters per test, but were accurately recorded by the BG-1 and only the actual
measurements were used in the data analysis. The time of sample duration
depended on its speed and load. This is shown in Table 3-4.
Table 3-4 Test Sample Duration
The dilution ratio is not considered an important factor for maintaining
consistency of filter samples. The temperature at the filter, however, is
considered to be significant and should be maintained over a range of four
degrees centigrade [11]. It is usually best to alter the sample time and dilution
ratio in order to achieve continuity. However, it was easier in the current set up
to regulate the temperature with the heat tape and the flow box cooling valve
instead of the dilute flow. Most filters were able to meet this criteria, but some
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OPERATING SPEED ENGINE LOAD SAMPLE DURATION
CONDITION (RPM) (RELATIVE) (MIN.)
A 1200 LOW 2
B 1200 HIGH 1
C 2400 LOW 2
D 2400 HIGH 1
E 3300 LOW 3
F 3300 HIGH 1
G 2400 MEDIUM 2
H 2400 HIGH 2
I 1200 LOW 2
J 1200 HIGH 1
K 3300 LOW 3
L 3300 HIGH 1
fell out of the range. Due to time constraints not all tests could be repeated to
obtain the four degree temperature range. This was taken into account in the
results. Many variables existed throughout this study; therefore, each test
condition was iterated a minimum of four times to ensure repeatability or that
enough satisfactory samples were available. A sample was considered
satisfactory if it did not tear and it fell in the required temperature range.
Table 3-5 Aqueous Injection Flowrates
The injected water to exhaust mass flowrate was kept constant at the
ratio of 10:1 for all operating conditions. The ratio was kept constant to allow for
the relatively same amount of mixing between the water and exhaust at all
speeds and loads. The ten to one ratio was used as it approximates the
average water to exhaust mass flow rate ratio that was used aboard the U.S.
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OPERATING INJECTED WATER/EXHAUST WATER FLOWRATE
CONDITION MASS FLOWRATE RATIO (Hundred cu. in./min.)
A 10 1.96
B 10 1.96
C 10 3.63
D 10 3.63
E 10 4.95
F 10 4.95
G 10 3.67
H 10 3.67
I10 1.96
J 10 1.96
K 10 4.95
L 10 4.95
Coast Guard Patrol Boats during a common operating condition. This ratio was
not changed because it was proven by Laurence that the water injection rate
had no significant affect on the gaseous emissions no matter what flow rate was
used [1]. Thus, the tests were repeated with the same ratio to analyze the
average effect on the water after injection. The operating condition, flowrate
ratio and average flowrates for each speed are displayed in Table 3-5. The
slight difference in flowrates for operating conditions G and H vs. C and D are
due to the different fuels used between the two test groups.
3.3 Procedure for Test Groups I and II
A. Testing Timeline and Particulate Sampling Procedure
During the first sets of tests, the BG-1 was the only instrument used for
taking particulate samples with only one filter placed in the housing at a time for
both test groups. Immediately following, oil consumption measurements were
made by Schofield with the real time oil consumption (sulfur dioxide) measuring
system [30]. Then aqueous injection tests were completed with the gaseous
emissions measured before and after injection and water samples taken during
randomly selected runs. To maintain consistency in the testing procedure, a
timeline was usually followed for recording data or taking samples at each
speed and load. This timeline is displayed in Table 3-6.
Sometimes, however it would take up to fifteen minutes just to be able to
settle the fuel and load at each speed. This was a result of the sulfur dioxide
measuring system being very sensitive to back pressure. If the speed and or
load was changed too quickly the system could "spike" giving a reading off the
chart, thus requiring time for the instrumentation to resettle itself. Once
resettled, the time would begin at zero. The ten minute delay before testing was
used as an allowance for temperatures to reach equilibrium and for the sulfur
dioxide system to remain steady. When particulate samples were taken, if they
were not satisfactory as described in Section 3.2, another sample was
immediately taken and if that test was not satisfactory, then another test was
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taken while measuring the gaseous emissions. Sometimes all the tests would
be unsatisfactory, but each sample was sent out for weighing.
Table 3-6 Testing Timeline
B. Oil Consumption and Aqueous Injection Procedure
At the conclusion of taking particulate samples, the oil consumption
measurements were completed by Schofield after a five minute delay [30]. The
delay would allow the sulfur dioxide system to resettle. This was necessary
because the purging of the particulate sample line by the BG-1 and the actual
sampling process caused spikes in the oil consumption's digital and graphical
readouts as a result of significant changes in back pressure. Thus, the reason
why the oil consumption measurements could not be taken at exactly the same
time as the particulate samples. The oil consumption test was ten minutes in
duration and the results were continuously output graphically onto a chart even
while not specifically testing for oil consumption. When the oil consumption
tests were being done, however, the results were also being averaged out
every five seconds and recorded by a data acquisition program in the lab along
with the actual fuel flow, air flow and torque measurements. The remaining
pertinent engine operating parameters and temperatures were manually
recorded at this time. The program read the direct voltage drops across the
bridge resistor in the load cell and calculated the actual torque from a equation
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TIME (MINUTES) | ACTION TAKEN /TEST DESCRIPTION
0 Settled out speed, load and fuel settings
10 Purged exhaust line and took particulate sample(s)
20 Started oil consumption measurements (10 min.)
30 Started gaseous emissions measurements / Took
water samples (certain tests only) / repeated
particulate sample if necessary
set up by Schofield during the load cell calibration [30]. All readings were
averaged over the ten minute cycle in a Microsoft Excel spreadsheet [30].
Following the oil consumption measurements, the gaseous emissions
were recorded. First, the main sample line was connected to sample port
number two to measure the emissions before aqueous injection. This process
took about three to five minutes for the exhaust to reach the sensors of the
ENERAC 2000E and remain steady. Then the connections were changed from
the main sample line to sample port number three, where the gaseous
emissions were recorded after injection. The temperature of the emissions
entering the measurement instruments remained constant both before and after
injection. The ENERAC 2000E is equipped with a printer and the results were
printed out after each test. The MIT gas cart was used for only one day of
testing during procedure 1 and procedure 2 due to complications from the
equipement and vacuum pump. When used, the results were recorded
manually. During half of the runs of test group one only, water samples were
taken from the drain port of the separation tank. The samples were taken in one
liter sample jars and filled approximately halfway. Then each sample was
immediately sealed and refrigerated to a constant temperature of four degrees
centigrade. The jars used were wide mouth I-CHEM certified 300 series bottles.
C. Test Procedure Specifics
The injection timing was altered slightly from the manufacturers
recommendations for operating conditions C and D (2400 rpm). The rack timing
was set at 14.0 BTDC (Before Top Dead Center) versus 13 BTDC. All other
timings were kept according to those recommended by the manufacturer (90
BTDC for 1200rpm and 15.50 BTDC for 3300 rpm) [22]. This change was
necessary because the torque and exhaust temperature measurements with the
different fuel and oil were much closer to that of the manufacturers results at this
new timing.
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Test group one (operating conditions A - F) was completed over a span
of four days with six test conditions completed each day. The order of testing
remained the same each day starting at high speed and high load (operating
condition F). Test group two (operating conditions I - L) was completed over
three days, but the first day of data was not used due to a clogged line in the
sulfur dioxide measuring system. The order of events as they occurred for both
test groups are given in Table 3-7.
Table 3-7 Testing Order of Events A
Purging of the exhaust lines were done at a speed of 3300 rpm and high
load which were the exact settings for operating condition F (L). During testing
however, oil consumption measurements were unable to be taken at conditions
D and K. The equipment was very sensitive at these speeds and loads with the
given variables. Particulate samples were still taken at condition D so that the
results may be compared to the that of condition H with standard fuel and oil.
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EVENT DESCRIPTION
(NUMBER)
1 Purge exhaust line at high speed and load until sulfur dioxide
measuring system settles
2 Test at operating condition F (L)
3 Test at operating condition E (K)
4 Bring back to high speed and load for five to ten minutes
5 Test at operating condition B (J)
6 Test at operation condition A (I)
7 Bring back to high speed and load for five to ten minutes
8 Test at operation condition D
9 Test at operation condition C
I -
In between test groups one and two, the oil control ring was replaced
with another ring having a lower unit tension. The ring was changed by
removing the piston up through the top of the liner. The top and second
compression ring gaps were oriented 180 apart from each other and at right
angles from the piston pin. The oil control ring gap was oriented the same as
the top compression ring. At the completion of test group two, the original oil
control ring was replaced in the same manner. Each time the engine was torn
down, the top of the liner, the inside of the cylinder head, valve covers, and top
of the piston were thoroughly cleaned of all soot and carbon deposits.
The oil control ring tensions used for these two procedures are listed in
Table 3-7. Both rings were provided by the engine manufacturer.
INITIAL OIL CONTROL RING TENSION (N) 53.8
ALTERED OIL CONTROL RING TENSION (N) 30.3
Table 3-6 Ring Tensions
3.4 Procedure for Test Group III
This test group was completed to compare the results obtained from two
different dilution tunnels. The tests were completed at the same speed and two
different loads. The timeline and test procedures were similar to that described
above with the few exceptions. Since no oil consumption measurements were
needed, particulate samples with Mr. Laurence's dilution tunnel were taken
immediately after the BG-1. Then the gaseous emissions were recorded before
and after aqueous injection. The main exhaust trench valve was kept closed
continuously and the valve to the aqueous injection system was only opened
when the emissions were being observed. A minimum of four iterations were
completed for each system over a period of two days. The procedure as shown
in Table 3-8, was kept constant over the two days of testing.
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The sample duration using Laurence's apparatus, took ten minutes at
high load and fifteen minutes at medium load. During this time, the engine and
exhaust temperatures and all other pertinent data were recorded. If a sample
was not satisfactory, then another was immediately taken. An unsatisfactory
sample, as described above, would also result from moisture buildup on the
filter causing the sample to runoff the edges. This was of major concern
because the dilution tunnel was not heated and the air cooled it considerably.
Sample volume was recorded before and after each test from a west test meter
located after the filter. Sample time started with the simultaneous opening of
the isolation valve and starting of the vacuum pump. After the required time, the
valve was closed and pump turned off. Then the filter was immediately
removed and placed in its container.
Table 3-8 Testing Order of Events B
The MIT gas analyzer was used both days for recording the carbon
dioxide measurements before and after the control volume sample system and
for measuring the gaseous emissions. The dilution air system was continuously
left on when the engine was running to prevent build up of particulates along
the inside of the dilution tunnel walls. The dilution air pressure was kept
constant, but the flow was unregulated. The valve was opened or closed
between tests to allow the filter temperature to remain in the four degree range
45
EVENT DESCRIPTION
(NUMBER)
1 Purge exhaust line at high speed and load for ten minutes
2 Test at operating condition H
3 Test at operating condition G
4 Test at operating condition G
5 Test at operating condition H
b6
I . . -
of acceptability. Since the temperatures taken for the BG-lwere after the filter
housing, an acceptable temperature range assumed between 36 °C and 40 °C,
which was a few degrees lower than the manufacturers because of the large
heat loss available through the filter housing [27]. The dilution tunnel built by
Laurence has the ability to record temperatures before and after the filter, so the
temperatures after this filter were kept within the same range as the BG-1.
These tests were done at the same settings as Laurence in his thesis so
that these results may also be compared to his results for the purpose of
repeatability. In order to keep continuity, the same fuel flow was used for each
load and the exhaust temperatures were recorded as being comparatively the
same as those recorded by Laurence [1].
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Chapter 4 DAA ANALYSIS AND THEORY
4.1 Calculation of Particulate Rate
The total particulate rate was calculated from the recorded
measurements and final sample results to obtain the data required for
comparing the effects from the variables used in the test matrix. A description of
the method of calculations follow.
The total particulate rate, normalized to power, is governed by the
following equation:
TPR = (mp)(3600) (4-1)
(tXP)
where:
TPR = Total Particulate Rate (g/kW-hr)
mtp = total particulate mass (grams)
t = sample time (seconds)
P = Power (kW)
The time and Power are easily calculated from the given sample duration
and engine parameters for each test condition. The total particulate mass,
however, requires a little extra knowledge of the exhaust gas sampled since the
total exhaust volume did not pass through the filter. To start off, the total sample
mass is needed and that is obtained from the following equation.
mts = mf - mi (4-2)
where:
mts = total sample mass (g)
mf = final filter mass (g)
m i = initial filter mass (g)
47
Then, the exhaust mass flowrate is calculated using the measured fuel
and intake air flowrates obtained from the data acquisition program averaged
over a ten minute period.
mex =ma+ 60 (4-3)
60
where:
mex = total exhaust mass flowrate (g/s)
ma = intake air mass flowrate (g/s)
Qf = fuel flowrate (cc/min.)
pf = fuel density (kg/L)
Next, the sample mass flowrate is calculated to determine the ratio
between the amount of exhaust passing through the filter to the total exhaust.
(Vt)(ps)(rD)
ms = (t) (4-4)
where:
ms = sample mass flowrate (g/s)
Vt = total sample volume (L)
rD = dilution ratio
Ps = sample density (kg/m 3)
Equation 4-4 requires the dilution ratio and sample density before it may
be applied. Dilution ratio for the tests involving the apparatus constructed by
Laurence is simply the ratio of carbon dioxide in the raw exhaust to that in the
diluted sample corrected for the concentration of carbon dioxide in the ambient
air [1]. The carbon dioxide was measured by the MIT analyzer for this ratio.
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Lco02Jd11, - 0.035
rD [CO aw -0.035 (4-5)
where:
[C0 2]dil = carbon dioxide concentration in the dilute sample (%)
[C0 2]raw = carbon dioxide concentration in the raw exhaust (%)
0.035 = carbon dioxide concentration in the ambient air
The dilution ratio that is used for the results obtained from the BG-1 is a
slight modification from that given in the operator's manual [27]. This ratio is
equivalent to using a NOx ratio between the dilute and exhaust air.
rD{BG -1} = (Total flow - Dilute flow)
Total Flow
where:
Dilute Flow = total dilution air in the sample (L)
Total Flow = total sample volume for each test (L)
The sample density may now be calculated using the following
relationship between the air and exhaust densities.
P, = [(paXl-rD)]+ [(px)(rD)] (4-7)
where:
Pex = exhaust density (kg/ m3 )
Pa = air density (kg/ m3 )
The ambient air density is calculated directly from ambient temperature
due to the following relationship.
(Tref)(pef) (4-8)
Tintake
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where:
Tref = reference temperature for ambient air (298.15K)
Pref = ambient air density (kg/ m3 )
Tintake = engine intake air temperature (Kelvin)
Then exhaust density is computed knowing the density of the air from
above and the molecular weights of the exhaust and air.
MWex
pex paMWa (4-9)
MWa
where:
MWex = molecular weight of the exhaust (g/mol)
MWa = molecular weight of the air (28.962g/mol)
The molecular weight of the exhaust air must be calculated from the non-
stoichiometric combustion equation given by Heywood [2]. That is, the
complete combustion of fuel behaves in the following manner.
CaHb+ a +-b [02+3.773N2]= aC02 +- H20+3.773 a+ -)N2 (4-10)
2 4
where a and b are defined as the carbon and
hydrogen molecular weights of each fuel molecule,
respectively
Since diesel engines generally run lean on fuel, however, unburned
oxygen exists in the exhaust as follows:
CaHb + 2 +a++ )02  3773N2l +H2 )73 a+ N2 (4-11)
where X is the relative air to fuel ratio given by
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A/Factual (4-12)
A/Fstoichiometric
The stoichiometric air to fuel ratio is calculated using a mass balance of
equation 4-10 given the a and b values associated with the fuel. The actual air
to fuel ratio was determined by use of the actual air and fuel flow rates for the
speed and load of each test.
ma (60)
A/Factual = m (4-13)
rtm (p)
Thus, the molecular weight of the exhaust is calculated directly from the
non- stoichiometric term by dividing the sum of each of the molecular weights
times its respective moles in the exhaust by the total moles in the exhaust.
(a2) + (32Xa)+ (2)(-2) + (16)() + (32)(X(a + ) (+ ))+ (3.773)(28.16)(X)(a +
MW ex = -
a+ + a+) -(a + ))+(3.773)(.)(a+)
(4-14)
Now, the total particulate mass and thus the Total Particulate Rate may
be solved from the given ratio.
mex
mp =-- (mts) (4-15)
ms
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4.2 Sample Analysis
Each filter underwent a methylene chloride extraction in order to find the
soluble organic fraction. Then a simulated distribution test was completed to
determine the percent of the soluble organic fraction that was derived from the
lubrication oil. In order to do this, a GC-FID test was completed based on the
ASTM method D 2887 - 93. Some filters also had a gas chromatography / mass
spectrometry analysis to obtain detailed results of the products of combustion.
The water samples were split into approximately 500 ml samples and
placed in one liter containers during the testing. The first sample jar underwent
a methylene chloride extraction to determine the soluble organic fraction in the
water and particulate precipitate combined. A simulated distribution was also
completed to determine the percent of the soluble organic fraction that was
derived from the lubrication oil. A few select samples also had a gas
chromatography / mass spectrometry analysis completed. The second bottle
was poured over a filter to separate the precipitate from the remaining aqueous
filtrate. The precipitate underwent the same procedures as the samples above
for determining the soluble organic fraction and the lubrication derived portion.
The remaining aqueous solution was analyzed for nitrites, nitrates, and sulfates.
4.3 Aqueous Injection Theory
The main purpose of this study was to find a reduction in the NOx
emissions after aqueous injection. No significant change was found in the
results by Laurence to cause concern for widespread use of this idea [1]. The
idea was tested again in this study using the same flow rate to be able to relate
the particulate rate from the engine to the rate of particulates entering the water
through analysis of the water samples. The analysis was also completed to
show the effects the exhaust and/or particulates may have on the water itself.
Despite insignificant changes in the gaseous emissions after injection the
following theory explains what is expected to happen.
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The saturated concentration to nitric oxide in the injected water must be
calculated first. Operating condition H will be used for the purpose of describing
the theory. The temperature of the water at the drain of the separation tank was
constant over all the tests at 10 °C; Therefore, the solubility of nitric oxide (NO)
in the water at 10 °C is [25]:
x = 0.0000458 (4-16)
where:
x = the saturated mole fraction of nitric oxide in water
This result coincides with Laurence for the same test condition [1]. Now,
since the mass flowrate is already known, the molar flowrate of water may be
calculated. This is then multiplied by the solubility mole fraction to obtain the
maximum molar rate at which NO can dissolve in the water.
xNO (4-17)
MWHo
where:
MWH20 = molecular weight of water (18 g/mole)
xNO = saturated mass flowrate of NO (0.01528 mol/min.)
mH2o = water mass flowrate (6000.4 g/min.)
The molecular weight of the exhaust and its mass flowrate are already
known, thus, giving the exhaust molar flowrate. Therefore, the maximum
reduction of nitric oxide due to dissolution into the water may be calculated
using the saturated mass flowrate of nitric oxide and exhaust molar flowrate.
(xNo)(MWex)
Rm= ( (4-18)
(mex)
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where:
Rm = maximum removal rate of NO (738 ppm)
MWex = molecular weight of the exhaust (29.01 g/mole)
mex = exhaust mass flowrate (600.84 g/min.)
The amount of mixing and time, however, are extremely important in the
actual saturation rate. The laboratory experiment only has the water and
exhaust in contact with each other for approximately five seconds. In addition,
factors present such as the temperature of the exhaust may have other effects
on the solubility of the gas and the solution rate. According to Prof. Cheng at
MIT, the solubility of nitric oxide into the water needs a reaction time on the
order of minutes. To account for the affects just described, a mixing factor is
introduced. The factor would have to be determined empirically over a range of
tests including all possible speeds, loads, water flowrates, contact times of the
mixing phenomenon and exhaust temperatures before injection. Thus, it is not
possible to develop the factor here since the mixing time is constant and can not
be changed on the given apparatus. If such a function was determined, it would
affect the results in the following way.
Ra =Rm* fn (4-19)
where:
Ra = actual removal rate of nitric oxide
fmix = mixing factor (empirically determined)
The maximum removal rate would thus be achieved with a mixing factor
of unity (fmix = 1) assuming that all of the water and exhaust is thoroughly mixed
over a long enough period of time. This would yield an actual removal rate of
738 ppm for operating condition H. In actuality, the removal rate is much less
given the current conditions.
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Chapter 5 RESULTS AND ANALYSIS
The Figures referenced throughout this chapter are shown in the Figures
of Results section after Chapter 6.
5.1 Oil Consumption
The oil consumption measurements were calculated by Schofield [30].
Based on the results, the lower-tension oil control ring had very little effect on
the oil consumption at the low speed of 1200 rpm (Figure 5-1). At the high
speed, high load settings, the lower-tension oil control ring produced a
significant change in oil consumption of about forty percent. When the high
sulfur oil was used throughout the engine, it was also determined by Schofield
that the valve train system for this engine contributed between 42% and 56% of
the total engines oil consumption depending on speed and load [30]. This is a
significant portion and results from the engine design. The experimental engine
having no valve seals allows for greater amounts of oil consumption. When the
lower sulfur oil was used in the valve train system, Schofield essentially only
measured ring pack oil consumption since it was based on sulfur dioxide.
However, the valves did have some contribution and this ranged between 14%
and 22% of the oil consumption measured for operating conditions A, B, and F.
The corrected ring pack oil consumption results are given in Figure 5-2.
Appendix A contains all of the individual oil consumption results on column
charts. For a more detailed description of this data, refer to Schofield's thesis
[30]..
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5.2 Particulate Emission Results
A. Dilution Tunnel Comparison
In comparing the particulate rates between the BG-1 Micro-Dilution Test
Stand and the laboratory system constructed by Laurence [1], the results were
similar (Figure 5-3). The medium load results differed by 0.7 percent, while the
high load results were further apart with a 16.8 percent difference. The BG-1
results were used as the standard for calculating the percent change since it
was assumed to be the most accurate of the two systems prior to testing. This
difference is so insignificant at the medium load, however, the difference at the
high load is of some significance and may be the result of the dilution ratio.
More air was entering the dilution tunnel at high load than medium load
resulting in a dilution ratio of approximately three fourths at the medium load
and one-half for the high load. Since the carbon dioxide measurements were
taken with the MIT analyzer, which may not have been working properly, the
larger difference in actual air flow may have increased any error in the actual
carbon dioxide measurements and thus, the total particulate rates. The
individual particulate rate results for all tests are given in Appendix B.
In visually comparing these results to those obtained by Laurence in
1994 [1], the medium load particulate rate shown in Figure 5-3 is about half as
much, but the high load results are about 0.1 g/bhp-hr more. These differences
may be contributed to many items. For instance, while Laurence ran his tests,
he did not simultaneously use the aqueous injection system as was done
during this operation [1]. Therefore, the repeatability is not as important as the
comparison of the results obtained between the two dilution tunnels. Given the
results above, it is reasonable to say that the dilution tunnel constructed by
Laurence produces accurate results.
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B. Results of Particulate Rate Analysis
The particulate rate for all of the tests completed with the standard oil
control ring are given in Figure 5-4. The trends were consistent between speed
and load for this naturally aspirated diesel engine. The trends show that the
particulate rate is maximum at the low speed of 1200 rpm and lowest at the
middle speed of 2400 rpm for the same load at all speeds. In contrast, the
particulate rate also increased with increasing load. The particulate rate
measurements from the lower tension oil control ring are shown side by side
with the standard ring pack configuration results in Figure 5-5 .
The changes in the particulate rate for the same speed and load with the
different oil control ring tensions are verified by the following general
relationships [31]. First of all, as carbon monoxide increases, the particulate
rate usually increases and vice versa. Secondly, as the air to fuel ratio (A/F)
increases, then the particulate rate should decrease and vice versa. Finally, as
the oxides of nitrogen increase, the particulate rate decreases and vice versa.
All three of the above conditions were verified by each of the three
relationships, which verifies the trend in the particulate rate between the same
conditions with the different oil control ring tensions.
In order to verify the particulate rate results, the calculations were done
using two methods. The first method uses the calculations shown in the data
analysis section of Chapter 4, and is the same method used by Laurence [1].
These results are shown above in Figures 5-4 and 5-5. The second method
uses a Quattro Pro spreadsheet developed by Sierra Instruments, Inc. and is
loaded into the BG-1's main program [27]. The BG-1 calculations are shown
side by side with the data analysis calculation results in Figure 5-6. The
differences in the results at the high load are generally minimal, but are
consistently lower for the BG-1 calculations. The low load calculations show
that the results of the BG-1 are approximately half of the results obtained from
the technique described in Chapter 4. The main reason for the lower numbers
obtained by the BG-1 program is the dilution ratio. The BG-1 calculates the
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dilution ratio slightly different than EPA standards and results in slightly lower
particulate rate results. The newer BG-1 programs have the corrected dilution
ratio calculation incorporated into the program.
The average particulate rate is plotted against its average ring pack oil
consumption in Figure 5-7 to show the following trends. When comparing the
change in speed and load from 1200 rpm low load to 3300 rpm high load, the
ring pack oil consumption increased for both the standard and lower tension oil
control ring. In addition, the particulate rate increased for this increase in oil
consumption.
C. Results of Particulate Composition Analysis
In order to develop a relationship between oil consumption and
particulate rate, the soluble organic fraction and the percent that was lubrication
oil derived was determined at the lab. However, the soluble organic fraction by
weight was greater than the total sample weight for operating conditions A, C,
D, E and most of . According to Rob Graze of Caterpillar, Pallflex is known for
having excess Teflon on their filters that may shed or flake off during testing or
handling [31]. Graze suggests that an ultrasonic rinse be done on all filters prior
to initial weighing and use during testing [31]. Unfortunately, this was not done
prior to using the filters and as a result, the total weights and thus, the total
particulate rate, may be less than actual. This concurs with the fact that the
weight of the soluble organic fraction was greater than the total sample weight
for these conditions. The individual tests that had satisfactory results are shown
in Appendix C.
The lubrication oil and fuel oil derived portion was derived for conditions
B, J, F and L (1200 and 3300 rpm high load). Only one sample was used for
determining the lubrication derived portion of the soluble organic fraction for
condition L and this happened to give a poor soluble organic fraction weight.
Therefore, it is not useful in comparing with condition F (same speed and load
with standard rings vs. lower tension ring for condition L). The data for tests B
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and J (1200 high load) look to be very accurate and consistent and are shown
in Figure 5-8. This graph shows a slight increase in the lubrication oil derived
portion of the soluble organic fraction and a slight decrease in the fuel oil
derived portion between the standard and lower-tension oil control rings.
However, no correlation's may be developed with one data point. In addition,
the changes are all on the order of ten percent with less than a 2.5 % change in
the ring pack oil consumption, which makes the numbers too close to be
meaningful for making any type of relationship.
As a result of the problems discussed above, the ring pack oil
consumption could not be related to particulate rate.
5.3 Aqueous Injection in the Exhaust System
A. Comparison between ENERAC and Lab Equipment
Again, the gaseous emissions were recorded before and after exhaust
aqueous injection. However, the analyzed results were all obtained from the
ENERAC 2000E printouts and none from the MIT gas cart with the exception of
the carbon dioxide measurements used for dilution ratio.
The MIT gas analysis cart had multiple problems during use despite the
leak that was fixed from the time measurements were taken by Laurence [1].
First of all, both the carbon monoxide and carbon dioxide measuring systems
were out of tune from their original settings. That is, when in standby mode,
each unit is supposed to read a certain number and when it deviates from that
number it needs service. Neither unit was able to be serviced before or during
the time that I needed it for testing. However, both instruments were able to
zero and calibrate with the controls on the machines when the zero and span
gases were fed into the units. The scale used for the carbon monoxide
conversion from the analog readout to percentages was last completed in 1989.
This was based on a curve fit for five different span gases and then calibrated
over an entire range, but the range was not suitable for comparison to the
ENERAC because the conversion to parts per million only gave results to the
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nearest hundred. Therefore, a difference of fifty or so parts per million would not
be seen by the analyzer. Depending on the needle location, sometimes an
estimate could be made, but the overall comparisons gave differences of up to a
couple hundred parts per million. Unfortunately, this may have been because
the ENERAC wasn't without its faults either. Just before testing began, the nitric
oxide sensor failed. After being replaced, it worked perfectly, but the carbon
monoxide sensor was of the same date as the nitric oxide sensor and after
testing began, it started having trouble calibrating and would produce readings
just outside of its two percent accuracy range. The combination of the two faults
did not allow for any comparison of the two instruments.
The carbon monoxide unit, however, did have one advantage over the
ENERAC. The ENERAC was limited to a range of 2000 ppm where the gas cart
analyzer has the ability to achieve whatever range is needed based on its
range settings. For every increase in range, however, the number of significant
digits would decrease. When the carbon monoxide is above this range, the
ENERAC prints out the word 'OVER' and gives no reading. This is why some of
the results are listed as 'NO RESULTS'.
The carbon dioxide analyzer was last calibrated in 1991 and didn't have
the same problem with significant digits, but the tune was much worse for this
machine and was thought by all the other students and the lab technician to not
be working at all. However, both meters produced consistent results.
Therefore, for determining the dilution ratio and trends both analyzer's were
considered satisfactory.
Secondly, the NOx analyzer would not work properly because the
vacuum pump failed during the first day of use. Another pump was installed
and used for all succeeding tests, but it was unable draw enough vacuum for
the NOx analyzer to get any readings. The new pump was only able to maintain
20 inches of Hg vacuum, but 30 inches Hg of vacuum were needed. Therefore,
this instrument could not used and no comparison was made with the ENERAC.
The oxygen analyzer seemed to have its problems too. When calibrated,
it would work well within that range, but any significant changes could yield
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drastic results. When calibrated using a 12.2% oxygen span gas, it gave the
same readings as the ENERAC for results in the low teens, but anything less
than ten percent would be much higher on the MIT analyzer. The opposite
happened when it was calibrated for a low oxygen percentage where it would
read atmospheric air as having only 18 % oxygen.
As a result of the problems identified above, the comparison between the
two instruments was not able to be completed and thus, the validation of the
portable instrument was unable to be determined.
B. Gaseous Emission Results
Table 5-1 Oxygen Emissions Results
As a result of the problems described above, the results from the gas cart
were not analyzed. The ENERAC results are given in Tables 5-1 through 5-4.
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GAS CONDITION MEAN ABSOLUTE E ABSOLUTE PERCENT
CHANGE CHANGE CHANGE
02 (%) A 0.05 0.2 0.33
B -0.05 -0.2 -0.79
C -0.025 -0.1 -0.17
D -0.025 -0.1 -0.3
E -0.025 -0.1 -0.18
F 0.025 0.1 0.46
G 0.03 0.1 0.27
H 0 0 0
I -0.025 -0.1 -0.16
J -0.05 -0.2 -0.76
L -0.5 -0.2 -0.9
Each table shows the gas and how it changed before and after injection. In the
tables, a positive number means that the gas decreased in composition by the
shown amount and increased if the number is negative. The individual
measurements from before and after aqueous injection are listed in Appendix
D.
All of the tables show that the exhaust aqueous injection had an
insignificant effect on the gaseous emissions. The main concern, however, was
the nitric oxide (NO) because this is the most soluble in water of all of the gases.
The results are also show graphically in Figure 5-9.
Table 5-2 Carbon Monoxide Emissions Results
The nitric oxide results show that the change is still insignificant. This is a
result of the mixing time and temperature. The maximum solubility of NO as
given by Gerrard are all based on a homogenous mixture having an equilibrium
temperature throughout [25]. The results also show that as the temperature
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GAS CONDITION MEAN ABSOLUTE | ABSOLUTE PERCENT
CHANGE CHANGE CHANGE
CO (PPM) A 29.75 119.0 3.7
B NO RESULTS
C 9.75 34 1.4
D -35.75 -143 -5.15
E -75.75 -303 -4.25
F NO RESULTS
G -14 -42 -2.42
H -3 -9 -0.73
I -91.5 -366 -6.44
J NO RESULTS
L NO RESULTS
I .. . . .
increases, the solubility decreases. Since the mixture is heterogeneous and
the temperature of the gas is much greater than the water (130 °C or more for
the exhaust versus 10 °C or less for the water), the likelihood of any NO
becoming soluble is drastically reduced. In fact, no results are even given for
the solubility of NO in water above an equilibrium temperature of 80 °C [25].
Table 5-3 Nitric Oxide Emissions Results
Therefore, the results obtained are reasonable given the little time that
mixing took place, the mixture composition (heterogeneous), and the difference
in temperatures. The slight changes at 1200 rpm with the altered oil control ring
are the result of the exhaust temperatures coming in contact with the water
which cools the exhaust and prevents the conversion of NO2 back to NO [20]
(Operating Conditions I and J). The change is greater here than with the
original oil control ring at 1200 rpm because lower torque and exhaust
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GAS CONDITION MEAN ABSOLUTE T ABSOLUTE PERCENT
CHANGE CHANGE CHANGE
NO (PPM) A 11.25 45 3.41
B 16.0 64 2.87
C 2.0 8.0 0.61
D 12 48 1.52
E -1.75 -7.0 -0.85
F 17.25 69 2.93
G -1.33 -4 -0.30
H 3.0 9.0 0.50
I 17.75 71 6.21
J 30.25 121 5.33
L 17 68 2.84
temperatures were obtained with the altered oil control ring. Otherwise, all
other measurements fall within the two percent accuracy range given by the
BG-1.
Table 5-4 Nitrogen Dioxide Emissions Results
C. Water Sample Results
In order to determine effect of the tail-pipe exhaust on the water and vice
versa, the water was analyzed for the soluble organic fraction, percent
lubrication oil and the amount of nitrites and nitrates. However, the laboratory
never recorded the weight of the precipitate during their analysis; therefore, no
determination of how much particulate entering the water could be made. The
results were measured from two samples, both using the SOF from the filtered
precipitate, but the first sample also added the SOF from the remaining water.
The differences between the two samples range from fifty to nearly 100 %. This
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GAS CONDITION MEAN ABSOLUTE ABSOLUTE PERCENT
CHANGE CHANGE CHANGE
NOX(PPM) A 10.75 43 2.78
B 8.0 32 1.38
C -3.75 -15 -1.08
D -1.5 -6.0 -0.17
E -3.25 -13 -1.52
F 10.5 42 1.71
G -2.33 -7.0 -0.44
H 2.0 6.0 0.29
I 14.25 57 4.69
J 17.25 69 2.90
L 7.5 30 1.20
I.
means that much of the soluble organics are either being trapped in the water
or are dissolving from the particulate matter into the water or both. The results
from the combined sample (precipitate and water) were used for the analysis.
The results of the soluble organic fraction were then calculated in g/hr. These
were compared to the operating conditions of B and F since those were the only
two that had reasonable soluble organic fraction results. The results show that
approximately 8.5 to 12.6 % of the total soluble organics enter the water stream
(Table 5-5). Of this total, three percent or less of the total soluble organic
fraction was derived from the lubrication oil.
Table 5-5 Soluble Organic Fraction Entering Water Stream
The water analysis also checked for nitrites and nitrates. The results
showed no nitrites were detected in the water sample, which would be a result
of nitric oxide reacting with the water. This concurs with gaseous emissions in
since the concentration of nitric oxide changed very little before and after
injection. This verifies that the only change in nitric oxide resulted in an
increase in nitrogen dioxide. However, nitrates were found in the water as a
result of nitrogen dioxide reacting with the water to form HNO3. The percent of
nitrogen dioxide entering the water stream on a mole basis was calculated and
is given in Table 5-6. The numerical results for these calculations are shown in
Table 5-7.
The trend dictates that a larger percentage of nitrogen dioxide reacts with
water at the lower load setting and the reaction generally increases with
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Operating Aqueous Sample Particulate Sample SOF entering
Condition SOF (g/hr) SOF (g/hr) water (%)
1200 High (B) 0.368 4.30 8.55
3300 High (F) 1.052 8.323 12.64
increasing speed at the same load. In retrospect, the change is still insignificant
to create wide use of the aqueous injection.
Table 5-6 Nitrogen Dioxide Entering Water Stream (%)
Table 5-7 Nitrogen Dioxide Entering Water Stream (ppm)
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SPEED LOAD OPERATING PERCENT N02
CONDITION ENTERING WATER
1200 LOW A 3.64
1200 HIGH B 2.19
2400 LOW C 6.30
2400 HIGH D 1.15
3300 LOW E 29.5
3300 HIGH F 6.44
SPEED LOAD NO 2 Entering NO2 Entering Air
Water (ppm) (ppm)
1200 LOW 1.13 30.0
1200 HIGH 0.65 29.0
2400 LOW 1.68 25.0
2400 HIGH 0.97 83.0
3300 LOW 2.93 7.0
3300 HIGH 2.07 30.0
Chapter 6 CONCLUSIONS
6.1 Particulate Sampling System Comparison
In this analysis, a laboratory constructed dilution tunnel was compared to
the BG-1 Micro-Dilution Test Stand. Both systems produced similar total
particulate rate results for the same speed and load setting. In conclusion, the
laboratory system constructed by Laurence [1] is a satisfactory system for taking
particulate samples.
6.2 Particulate Rate and Oil Consumption Relationship
No relationship was able to be developed during this experiment
because the particulate results were most likely inaccurate since the particulate
sample filter weighing, processing and extract analysis, etc. did not produce a
set of internally consistent results on particulate composition. However, the
following trends were developed between speed and load:
1. As the speed of engine increases from 1200 to 2400 rpm, the
particulate rate significantly decreases and then only slightly increases again
from 2400 to 3300 rpm.
2. The particulate rate increases with increasing load for this naturally
aspirated engine.
3. The particulate rate increased for an increase in oil consumption from
1200 low load to 3300 high load.
In addition, Schofield calculated the valve trains contributed between 42
and 56 % of the total engines oil consumption.
6.3.1Aqueous Injection and Gaseous Emissions
The particulates entering the water stream appeared to be a significant
portion of the total particulate rate, but was not able to be calculated since the
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laboratory completing the analysis never weighed the precipitate. But, the
results do show the following conclusions:
1. 8.5 to 12.6 % of the total soluble organics entered the water stream.
2. The water did not dissolve any nitric oxide from the exhaust due to the
heterogeneity of the mixture and the large temperatures of the exhaust.
3. The water did react with nitrogen dioxide to form HN0 3, taking
between 1 and 6.5 % of the nitrogen dioxide out of the exhaust tail-pipe
emissions on average. During one condition, 29.5 % was taken out of the
exhaust.
These results show that other than the possibility of polluting the water
vs. the air with particulates and soluble organics, the exhaust aqueous injection
does not significantly affect the airborne emissions emitting from a diesel
engine. This is the same conclusion as discovered by Laurence [1]. The
temperature differences, mixing time and heterogeneity of the mixture all
drastically reduce the effects of the solubility of nitric oxide in water and thus, do
not make it a viable solution for reducing nitric oxide in the current experimental
apparatus.
The comparison of emissions measuring instruments were again
inconclusive due to a large number of discrepancies encountered with both sets
of instruments.
6.3.2Aqueous Injection Recommendations
For any future experiments with aqueous injection, the precipitate should
definitely be weighed so that a determination of particulates entering the water
may be made. In addition, analysis' should continue to be made on the soluble
organics from both the remaining water and the precipitates as separately. If
any future testing is done, many alterations may want to be made. For instance,
the type of injection flange may be changed in addition to the flowrate and
injection method. However, for any and all changes made, the most important
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is the mixing duration. If a long enough exhaust system may be developed so
the mixture may obtain an equilibrium temperature, the results may be much
more noteworthy. However, it may not be economical and shipboard
application may no longer be feasible if the system becomes to cumbersome
and the system takes up too much space. Therefore, unless someone has the
time and funding to solely concentrate on this effort, no more research in this
area is recommended.
The portable equipment reveals itself to be very promising, but could also
use some improvements. As a recommendation for future models, a sensor
should be incorporated into any portable emissions device for measuring
carbon dioxide rather than calculating it. Secondly, the limiting ranges on the
sensors should be increased, if possible, while maintaining reasonable
accuracy so that no measurements will be out of a more common range of
analysis. Also, before further studies proceed at MIT, it is recommended that all
of the equipment on the gas cart is working properly and in good order before
any more comparisons are made. The Sloan Automotive Laboratory at MIT
may even want to purchase a portable device in the future to save money and
space while achieving ease of use and what appears to be very good, if not
extremely accurate, results.
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FIGURES OF RESULTS
AVERAGE OIL CONSUMPTION MEASUREMENTS VS. OPERATING CONDITION
FOR STANDARD AND LOWER TENSION OIL CONTROL RINGS
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Figure 5-1 Average Oil Consumption Results
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Figure 5-2 Average Ring Pack Oil Consumption Results
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AVERAGE PARTICULATE RATE VS. OPERATING CONDITION
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Figure 5-5 Oil Control Ring Particulate Rate Comparisons + co
shown
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PARTICULATE RATE AND RING PACK OIL CONSUMPTION VS. OPERATING
CONDITION FOR STANDARD AND LOWER TENSION OIL CONTROL RINGS
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Figure 5-9 Nitric Oxide Reduction
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PERCENT NITRIC OXIDE REDUCTION BY AQUEOUS INJECTION AS A
FUNCTION OF OPERATING CONDITION
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Appendix A OIL CONSUMPTION RESULTS
OIL CONSUMPTION RESULTS FOR EACH TEST VS. OPERATING
CONDITION (STANDARD RING PACK CONFIGURATION)
MULTPLE TESTS SHOWN
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Figure A-1 Individual Oil Consumption Results - Standard
Ring Pack Configuration
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Appendix B PARTICULATE RATE RESULTS
RING INDIVIDUAL PARTICULATE RATE RESULTS
SPEED LOAD TENSION (g/kW-hr) AVERAGE
1200 LOW STD 0.488 0.906 1.102 1.871 1.092
1200 HIGH STD 8.062 8.952 8.743 9.140 8.724
2400 LOW STD 0.366 0.190 0.442 0.772 0.442
2400 HIGH STD 1.312 1.736 0.825 0.892 1.418 1.237
3300 LOW STD 0.182 0.622 0.578 0.542 0.787 0.542
3300 HIGH STD 2.726 2.859 3.060 4.051 3.174
1200 LOW LOW 0.570 1.995 2.819 1.037 1.605
1200 HIGH LOW 6.458 7.048 7.310 9.044 7.465
3300 HIGH LOW 3.237 2.989 2.541 2.613 2.845
INDIVIDUAL PARTICULATE RATE RESULTS
SPEED LOAD SYSTEM (g/kW-hr) AVERAGE
2400 MEDIUM BG-1 0.399 0.488 0.222 0.498 0.402
2400 MEDIUM LAB 0.424 0.509 0.457 0.204 0.374 0.399
2400 HIGH BG-1 1.491 1.423 1.356 2.083 0.678 1.406
2400 HIGH LAB 1.448 1.150 0.913 1.170
Figure B-1 Individual Particulate Rate Results (Numerical)
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Figure B-2 Individual Particulate Rate Results - 1200 RPM
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Figure B-3 Individual Particulate Rate Results - 2400 RPM
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PARTICULATE RATE VS. OPERATING CONDITION
AT 2400 RPM
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Figure B-4 Individual Particulate Rate Results - 3300 RPM
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PARTICULATE RATE VS. OPERATING CONDITION
AT 3300 RPM
MULTIPLE TESTS SHOWN
_A r4.
i 4
%. 3.5
%" 3
c 2.5
w 2
, 1.5
_ 1
1¢ 0.5
. 0
3300 LOW 3300 HIGH 33
(Standard (Standard
Rings) Rings) 1
OPERATING CONDITION
300 HIGH
(Low-
Tension
Ring)
- -- I
Figure B-5 Individual Particulate Rate Results - 2400 RPM -
Dilution Tunnel Comparisons
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PARTICULATE RATE VS. OPERATING CONDITION
FOR EACH DILUTION TUNNEL
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Appendix C SOLUBLE ORGANIC FRACTION RESULTS
RING INDIVIDUAL SOLUBLE ORGANIC FRACTIONS
SPEED LOAD TENSION (g/kW-hr) AVERAGE
1200 LOW LOW 2.175 2.175
1200 HIGH STD 2.079 1.671 2.119 1.956
1200 HIGH LOW 1.626 2.191 2.050 1.956
3300 HIGH STD 1.419 1.360 1.470 1.416
3300 HIGH LOW 1.618 1.458 1.475 1.517
RING INDIVIDUAL SOLUBLE ORGANIC FRACTIONS LUBE %
SPEED LOAD TENSION LUBE % FUEL % LUBE % FUEL % AVERAGE
1200 LOW LOW 0.05 99.95 0.05
1200 HIGH STD 58.2 41.8 58.1 41.9 58.15
1200 HIGH LOW 64.3 35.7 64.30
3300 HIGH STD 100 0 81.3 18.7 90.65
3300 HIGH LOW 0.05 99.95 0.05
RING INDIVIDUAL LUBE OIL CONTRIBUTION
SPEED LOAD TENSION (g/kW-hr) AVERAGE
1200 HIGH STD 1.210 0.971 1.232 1.138
1200 HIGH LOW 1.045 1.318 1.409 1.258
3300 HIGH STD 1.419 1.233 1.332 1.328
3300 HIGH LOW 0.001 0.001 0.001 0.001
RING INDIVIDUAL FUEL OIL CONTRIBUTION
SPEED LOAD TENSION (g/kW-hr) AVERAGE
1200 HIGH STD 0.869 0.699 0.887 0.818
1200 HIGH LOW 0.580 0.732 0.782 0.698
3300 HIGH STD 0.000 0.127 0.137 0.088
3300 HIGH LOW 1.618 1.457 1.474 1.516
Figure C-1 Individual Soluble Organic Fraction Results
(Numerical)
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Figure C-2 Individual SOF Results - 1200 RPM
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Figure C-3 Individual SOF Results - 3300 RPM
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Figure C-4 Individual Lubrication Oil Results
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Appendix D AQUEOUS INJECTION RESULTS
This appendix lists the results for the gaseous emissions before and after
injection for each speed and load tested. No data was taken at operating
condition K, so it is not shown. The results are organized by speed and load so
that the reader may look at the results for the same speed and load for both oil
control ring tensions. Since the MIT gas cart was only used during one day for
test groups one and two, the results were not published because not enough
information was present to draw conclusions. The few results that were
obtained were not even comparable, except one or two readings. The gas cart
results were published for test group three, however, because the gas cart was
used for all test conditions, but these results aren't comparable either.
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A1 A2
ENERAC
A3 A4
RESULTS
MEAN STDV
02 BEFORE 14.9 15 15.2 15 15.025
(%) AFTER 14.9 15 15.1 14.9 14.975
CHANGE 0 0 0.1 0.1 0.05 0.06 0.33
CO BEFORE 696 689 735 1098 804. 5
(PPM) AFTER 636 692 706 1065 774.75
CHANGE 60 -3 29 33 29.75 25.81 3.70
C02 BEFORE 4.8 4.8 4.6 4.8 4.75
(%) AFTER 4.9 4.7 4.7 4.8 4.775
CHANGE -0.1 0.1 -0.1 0 -0.025 0.10 -0.53
NO BEFORE 357 381 347 235 330
(PPM) AFTER 348 356 338 233 318.75
CHANGE 9 25 9 2 11.25 9.74 3.41
NOX BEFORE 380 411 370 388 387.25
(PPM) AFTER 378 387 366 375 376.5
CHANGE 2 24 4 13 10.75 10.05 2.78
12 13 14 I5 MEAN STDV %CHG
ENERAC RESULTS
02 BEFORE 15.6 15.3 15.2 15.3 15.35
(%) AFTER 15.6 15.3 15.2 15.4 15.375
CHANGE 0 0 0 -0. 1 -0.025 0.05 -0.16
CO BEFORE 1459 1339 1265 1619 1420.5
(PPM) AFTER 1575 1406 1340 1727 1512
CHANGE -116 -67 -75 -108 -91.5 24.12 -6.44
C02 BEFORE 4.3 4.5 4.6 4.5 4.475
(%) AFTER 4.3 4.5 4.6 4.5 4.475
CHANGE 0 0 0 0 0 0.00 0.00
NO BEFORE 263 297 308 276 286
(PPM) AFTER 256 288 284 245 268.25
CHANGE 7 9 24 31 17.75 11.64 6.21
NOX BEFORE 278 314 328 296 304
(PPM) AFTER 274 311 308 266 289.75
CHANGE 4 3 20 30 14.25 13.07 4.69
Table D-1 Operating Conditions A and I (1200 rpm Low Load)
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TEST # %CHG
TEST # B1 B2 B3
ENERAC RESULTS
B4 MIEAN STDV
02 BEFORE 6.5 6.2 6.4 6.3 6.35
(%) AFTER 6.6 6.2 6.5 6.3 6.4
CHANGE -0.1 0 -0.1 0 -0.05 0.06 -0.79
CO BEFORE OVER OVER OVER OVER
(PPM) AFTER OVER OVER OVER OVER
CHANGE
C02 BEFORE 11.5 11.8 11.6 11.6 11.625
(%) AFTER 11.4 11.8 11.5 11.7 11.6
CHANGE 0.1 0 0.1 -0.1 0.025 0.10 0.22
NO BEFORE 517 569 567 575 557
(PPM) AFTER 502 559 549 554 541
CHANGE 15 10 18 21 16 4.69 2.87
NOX BEFORE 537 593 594 603 581.75
(PPM) AFTER 531 593 584 587 573.75
CHANGE 6 0 10 16 8 6.73 1.38
TEST # J2 J3 J4 J5 MEAN STDV %CHG
ENERAC RESULTS
02 BEFORE 6.7 6.5 6.5 6.7 6.6
CHANGE 0.1 0 -0.1 -0.2 -0.05 0.13 -0.76
CO BEFORE OVER OVER OVER OVER
(PPM) AFTER OVER OVER OVER OVER
CHANGE
CO2 BEFORE 11.4 11.5 11.5 11.3 11.425
(%) AFTER 11.4 11.5 11.4 11.2 11.375
CHANGE 0 0 0.1 0.1 0.05 0.06 0.44
NO BEFORE 577 570 578 546 567.75
(PPM) AFTER 542 541 545 522 537.5
CHANGE 35 29 33 24 30.25 4.86 5.33
NOX BEFORE 604 594 609 575 595.5
(PPM) AFTER 580 578 590 565 578.25
CHANGE 24 16 19 10 17.25 5.85 2.90
Table D-2 Operating Conditions B and J (1200 rpm High Load)
97
%CHG
C1 C2 C3
iERAC RESULTS
C4 MEAN STDV
02_ BEFORE 14.9 15 14.9 14.8 14.9
(%) AFTER 15 15 14.9 14.8 14.925
CHANGE -0.1 0 0 0 -0.025 0.05 -0.17
CO BEFORE 623 652 663 853 697.75
(PPM) AFTER 614 637 636 865 688
CHANGE 9 15 27 -12 9.75 16.32 1.40
C02 BEFORE 4.9 4.8 4.9 4.9 4.875
(%) AFTER 4.7 4.8 4.9 4.9 4.825
CHANGE 0.2 0 0 0 0.05 0.10 1.03
NO BEFORE 316 326 323 340 326.25
(PPM) AFTER 309 321 324 343 324.25
CHANGE 7 5 -1 -3 2 4.76 0.61
NOX BEFORE 336 348 342 364 347.5
(PPM) AFTER 333 348 350 374 351.25
CHANGE 3 0 -8 -10 -3.75 6.24 -1.08
TEST # D1 D2 D3 D4 MEAN STDV %CHG
ENERAC RESULTS
02 BEFORE 8.3 8.2 8.2 8.2 8.225
(%) AFTER 8.3 8.3 8.2 8.2 8.25
CHANGE 0 -0. 1 0 0 -0.025 0.05 -0.30
CO BEFORE 603 652 619 905 694.75
(PPM) AFTER 602 638 725 957 730.5
CHANGE 1 14 -106 -52 -35.75 54.85 -5.15
C02 BEFORE 10.1 10.1 10.2 10.2 10.15
(%) AFTER 10.1 10.1 10.2 10.2 10.15
CHANGE 0 0 0 0 0 0.00 0.00
NO BEFORE 781 786 776 805 787
(PPM) AFTER 771 776 762 791 775
CHANGE 10 10 14 14 12 2.31 1.52
NOX BEFORE 851 858 845 883 859.25
(PPM) AFTER 854 861 842 886 860.75
CHANGE -3 -3 3 -3 -1.5 3.00 -0.17
Table D-3 Operating Conditions C and D (2400 rpm)
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TEST #
EN
%CHG
E1 F2 E3 E4 MEAN STDV
ENERAC RESULTS
02 BEFORE 13.7 13.6 13.8 13.6 13.675
(%o) AFTER 13.7 13.6 13.8 13.7 13.7
CHANGE 0 0 0 -0.1 -0.025 0.05 -0.18
C- BEFORE 1813 1467 1793 2062 1783.75
(PPM/I) AFTER 1859 1558 1904 2117 1859.5
CHANGE -46 -91 -111 -55 -75.75 30.50 -4.25
C02 BEFORE 5.8 5.9 5.7 5.9 5.825
(%) AFTER 5.8 5.9 5.7 5.8 5.8
CHANGE 0 0 0 0.1 0.025 0.05 0.43
NO BEFORE 173 222 182 247 206
(PPM) AFTER 190 2 20 186 235 207.75
CHANGE -17 2 -4 12 -1.75 12.12 -0.85
NOX BEFORE 178 231 188 256 213.25
(PP\M) AFTER 197 230 193 246 216.5
CHANGE -19 1 -5 10 -3.25 12.18 -1.52
Table D-4 Operating Condition E (3300 rpm Low Load)
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TEST # %CHG
F2 F3
RES ULTS
F4 MEAN STDV
02 BEFORE 5.6 5.4 5.5 5.4 5.475
(%) AFTER 5.5 5.4 5.5 5.4 5.45
CHANGE 0.1 0 0 0 0.025 0.05 0.46
CO BEFORE OVER OVER OVER OVER
(PPM) AFTER OVER OVER OVER OVER
CHANGE
CO02 BEFORE 12.12. 2.4 12.3 12.4 12.325
(%) AFTER 12.3 12.3 12.3 12.4 12.325
CHANGE -0.1 0.1 0 0 -4.4E-16 0.08 0.00
NO BEFORE 570 585 576 620 587.75
(PPM) AFTER 551 570 567 594 570.5
CH-ANGE 19 15 9 26 17.25 7.14 2.93
NOX BEFORE 594 612 602 645 613.25
(PPM) AFTER 581 604 598 628 602.75
CHANGE 13 8 4 17 10.5 5.69 1.71
TEST # L2 13 IA L5 MEAN STDV %CHG
ENERAC RESULTS
02 BEFORE 5.7 5.7 5.5 5.4 5.575
(%) AFTER 5.7 5.7 5.6 5.5 5.625
CHANGE 0 0 -0. 1 -0.1 -0.05 0.06 -0.90
CO) BEFORE OVER OVER OVER OVER
(PPM) | AFTER OVER OVER OVER OVER
CHANGE
C02 BEFORE 12.1 12.1 12.3 12.4 12.225
(%) AFTER 12.2 12.1 12.2 12.3 12.2
CHANGE -0.1 0 0.1 0.1 0.025 0.10 0.20
NO BEFORE 596 598 605 599 599.5
(PPM) AFTER 582 583 589 576 582.5
CHANGE 14 15 16 23 17 4.08 2.84
NOX BEFORE 623 625 636 624 627
(PPM) AFTER 618 619 629 612 619.5
CHANGE 5 6 7 12 7.5 3.11 1.20
Table D-5 Operating Conditions F and L (3300 rpm High Load)
100
TEST # F1
ENERAC
%CHG
TEST # G1
ENERAC
G2 G3/4
RESULTS
M\IEAN STDV %CHG
02 BEFORE 12.6 12.4 12.4 12.47
(%) AFTER 12.5 12.4 12.4 12.43
CHANGE 0.1 0 0 0.03 0.06 0.27
CO BEFORE 590 545 599 578
(PPM) AFTER 593 547 636 592
CHANGE -3 -2 -37 -14 19.92 -2.42
C02 BEFORE 6.7 6.8 6.8 6.77
(%) AFTER 6.7 6.8 6.8 6.77
CHANGE 0 0 0 0 0.00 0.00
NO BEFORE 440 452 431 441.00
(PPM) AFTER 441 454 432 442.33
CHANGE -1 -2 -1 -1.33 0.58 -0.30
GAS CART RESULTS
NOX BEFORE 494 508 584 528.67
(PPM) A FTER 496 510 |587 531.00
CHANGE -2 -2 -3 -2.33 0.58 -0.44
TEST # G1- G G2 -G G3/4- G MEAN STDV %CHG
GAS CART RESULTS
02 | BEFORE 12.7 12.7 13 12.8
(%) AFTER 12.7 12.8 12.9 12.8
CHANGE 0 -0.1 0.1 -5.9E-16 0.10 0.00
CO BEFORE 400 400 425 408.33
(PPM) AFTER 400 400 450 416.67
CHANGE 0 0 -25 -8.33 ' 14.43 -2.04
C02 BEFORE 5.74 5.74 6.28 5.92
(%) AFTER 5.74 5.74 6.28 5.92
CHANGE 0 0 0 0 0.00 0.00
Table D-6 Operating Condition G (2400 rpm Low Load)
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TEST # H1
ENERAC
H2 H3/4
RESULTS
MEAN STDV
02_ BEFORE 9.6 9.6 9.7 9.63
(% ) AF-TER 9.6 9.6 9.7 9.63
CHANGE 0 0 0 0 0.00 0.00
CO BEFORE 405 393 427 408.33
(PPM) AFTER 396 409 429 411.33
CHANGE 9 -16 -2 -3 12.53 -0.73
C02 BEFORE 9 9.1 8.9 9.00
(q%') AFTER 9.1 9.1 9 9.07
CHANGE -0. 1 0 -0. 1 -0.06667 0.06 -0.74
NO BEFORE 613 611 590 604.67
(PPM) AFTER 610 611 584 601.67
CHANGE 3 0 6 3 3.00 0.50
NOX BEFORE 692 693 672 685.67
(PPM) AFTER 691 694 666 683.67
CHANGE 1 -1 6 2 3.61 0.29
TEST # H1 -G H2-G H3/4- G MEAN STDV %CHG
GAS CART RESULTS
02_ BEFORE 10 10 10.2 10.07
(0%) AFTER 10 10 10.2 10.07
CHANGE 0 0 0 0 0.00 0.00
CO BEFORE 300 250 350 300
(PP\M) AFTER 300 250 350 300
CHANGE 0 0 0 0 0.00 0.00
C02 BEFORE 7.63 7.25 8.21 7.70
(%) AFTER 7.63 7.25 8.21 7.70
CHANGE 0 0 0 0 0.00 0.00
Table D-7 Operating Condition H (2400 rpm High Load)
102
%CHG
(This page intentionally left blank)
103
(This page intentionally left blank)
104
